have identi ed at least seven isolated neutron stars by their pulsed gamma-ray emission. For all of these, the gamma radiation represents the largest observable fraction of the spin-down luminosi ty, making the gamma rays important diagnostics of particle acceleration and interaction in the neutron star magnetospheres. Several other \candidate" pulsars have tentative identi cations based on pulsed radiation or positional association. The ense mble of CGRO pulsar detections, possible detections, and upper limits yields a number of patterns, most of which have exceptions. Some examples: (1) All except PSR B1509?58 have light curves consistent with double pulses; (2) All except the Crab have radio pulses out of phase with the gamma-ray pulses (the relative phase of the recently-reported radio pulse from Geminga is not known as of this w riting); (3) Except possibly for PSR B1509?58 and PSR B0656+14, the gamma-ray energy spectra atten with increasing pulsar age; (4) All except PSR B1951+32 show evidence of having high-energy spectral cuto s in the CGRO energy band; (5) The pulsed u x from all the pulsars is relatively constant with time; (6) There is a trend for the pulsar luminosity to increase with increasing polar-cap current (or open eld line voltage, or _ E, all of which are similar), although the candidate PSR B065 6+14 does not t well. The diversity in the phenomenology of gamma-ray pulsars presents challenges to pulsar models. For example, doublepole models, often invoked by radio astronomers, now seem problematic. Most models! have evolved signi cantly in response to the CGRO discoveries, and no comprehensive explanation for all the observations is yet in hand.
INTRODUCTION
Among the wide range of results from the four instruments on the Compton Gamma Ray Observatory (Compton) are the identi cations of at least seven gamma-ray pulsars: Crab, PSR B1509?58, Vela, PSR B1706?44, PSR B1951+32, Geminga, and PSR B1055 ?52. These results have stimulated considerable theoretical work on gamma-ray pulsars (e.g. Sturner and Dermer, 1994 ; Daugherty and Harding, 1996; Romani and Yadigaroglu, 1995; Harding, 1996; Romani, 1996) . This article reviews the observational progres s made with the Compton Observatory and the impact these observations have had on models.
GAMMA RAY PULSARS AND RADIO PULSARS
The quantity _ E/4 d 2 (where d is the distance) is a useful measure of gamma-ray pulsar observability (see Figure 1 of radio pulsations from Geminga (Kuzmin and Losovsky, 1997) , all of these may also be radio pulsars, implying a strong ov erlap between the radio and gamma-ray beams. PSR B1055?52, the seventh gamma-ray pulsar, is the exception to the correlation with _ E/4 d 2 .
At least a dozen pulsars (more if the millisecond pulsars are included) have higher values of _ E/4 d 2 without showing strong evidence of gamma-ray pulsation. Whether PSR B1055?52 is unusually e cient in producing gamma rays or has a preferred beaming geometry is an open question.
There are also \candidate" gamma-ray pulsars, all of which have _ E/4 d 2 close to or larger than the value for PSR B1055?52. At present, none of these are considered as de nite detections. PSR B0144+59 (Ulmer, 1996) , PSR B0355+54 (Thompson et al., 1994) , PSR B0656+14 (Ramanamurthy et al., 1996; Hermsen et al., 1997), PSR J0631+10 (Zepka et al., 1996) , PSR B1821?24 (Backer, private communication) , and PSR J0218+4232 (Verbunt et al., 1996) all have gamma-ray light cur ves that are statistically improbable for a single trial, but they are part of a large sample of pulsars that have been examined for gamma-ray pulsation. Note that PSR J0218+4232 is a ms pulsar in a binary system, so it is not an isolated neutron star as the others are. PSR B1046?58, PSR J1105?6107 (Kaspi et al., 1997) , and PSR B1853+01 are radio pulsars positionally consistent with gamma-ray sources (though the error boxes are large), also having _ E/4 d 2 in the same range as the known gamma-ray pulsars. The gamma-ray energy spectra of these sources are at power laws like those of known pulsars (Fierro, 1995) . These gamma-ray sources are not time variable. Gamma-ray pulsars are steady; many other gamma-ray sources are highly variable. They are energetically consistent with a pulsar origin (the gamma-ray luminosity represents a small fraction of _ E).
None of the three, however, shows evidence of pulsation in gamma rays (Nel et al., 1996 ; Kaspi, this conference).
PULSAR LIGHT CURVES
Figures 2 (young pulsars) and 3 (older pulsars) show the light curves of the seven known gamma-ray pulsars as seen by the instruments on the Compton Observatory, plus the strongest \candidate" pulsar.
Among the features of this compilation are: 1. Only the Crab has gamma-ray pulses which are in phase with the radio. 2. The gamma-ray light curves tend to show two pulses with a bridge of emission between. Only PSR B1509?58 is inconsistent with such a picture, although the statistics for PSR B0656+14 and PSR B1055?52 are too limited to draw any rm conclusions. The gamma-ray light curve for PSR B1706?44 contains at least two pulses, with possible ev idence for a third between the two.
3. Only Geminga has gamma-ray pulses with a 180 separation. 4. The commonality of double pulses, coupled with the absence of many 180 separations, argues against orthogonal rotator models in which both poles are sources of gamma rays.
5. The gamma-ray light curves are consistent with single-pole, hollow-cone models of emission (see Harding, 1996) .
6. The changing shapes of the light curve from low to high gamma-ray energies, seen especially in the Crab, imply that di erent phases of the radiation have di erent spectra.
MULTIWAVELENGTH SPECTRA OF GAMMA-RAY PULSARS Figure 4 summarizes the F spectra for the seven de nitely-detected gamma-ray pulsars. This format shows the observed power per logarithmic energy interval. Pulsed emission is shown in all cases, with upper limits given for sources detected but without observed pulsation. This is an update of the gure from .
COMMON FEATURES 1. In all cases, the maximum observed energy output is in the gamma-ray band. The peak ranges from photon energies of about 100 keV for the Crab to photon energies above 10 GeV for PSR B1951+32.
2. All these spectra have a high-energy cuto or break. For PSR B1509?58, it occurs not far above 1 MeV photon energy, between the COMPTEL points and EGRET upper limits; for PSR B1951+32 it must lie somewhere above 10 GeV, between the highest-energy EGRET point and the TeV upper limit. Figure 5 shows the location of the high-energy cuto as a function of the calculated pulsar surface magnetic eld. The high-eld PSR B1509?58 stands out in having both the highest eld and the lowest cuto energy. For a discussion, see Harding an d Baring (1997) . PSR B1951+32 is also notable in having the lowest eld and the highest cuto energy.
3. Over at least part of the gamma-ray band, the pulsar energy spectra can be approximated with power laws. Except for PSR B1509?58, the pulsars show a attening of the spectrum with increasing characteristic age, visible in Figure 4 .
INDIVIDUAL PULSARS 1. Crab { the spectrum could be continuous from optical to high-energy gamma-ray energies.
2. PSR B1509?58 { all the points above 1 MeV (about 10 21 Hz) are upper limits. The spectrum must have a break between 1 and 100 MeV.
3. Vela { the pulsed X-ray emission has a thermal component. The spectrum turns over sharply at a few GeV.
4. PSR B1706?44 { the gamma-ray spectrum is well described by two power laws, with a slope change at 1 GeV. An X-ray source at the position of the pulsar has a pulsed upper limit of 18% (Becker. Brazier, and Tr umper, 1995).
5. PSR B1951+32 { the high-energy gamma-ray spectrum can be represented as a single power law out to 30 GeV. It must turn over sharply above this energy. The COMPTEL data indicate a possible MeV excess.
6. Geminga { the gamma-ray spectrum has a sharp turnover in the few GeV energy range. The X-ray spectrum has two components, one of which is thermal. The non-thermal component does not appear to connect to the gammaray spectrum, although the uncertai nties are large (Halpern and Wang, 1997).
7. PSR B1055?52 { limited gamma-ray statistics preclude a detailed study of this energy spectrum. The X-ray spectrum has two components, one of which may extrapolate to gamma-ray energies.
Figures 6 and 7 show the phase-resolved gamma-ray energy spectra for the Crab and Vela pulsars, using multiple Compton instruments. In both cases, the \bridge" region between the two pulses has the attest spectrum. This is not the case for Geminga, where the attest spectrum is associated with one of the two peaks (Mayer-Hasselwander et al, 1994; Fierro, 1995).
HIGH-ENERGY PULSAR LUMINOSITY
In terms of the observed energy ux F E , the luminosity of a pulsar is L = 4 f F E d 2 , where d is the distance and f is the fraction of the sky into which the pulsar radiates. The pulsar beaming solid angle 4 f is highly uncertain and probably not the same for all pulsars, nor for the same pulsar at di erent wavelengths. I t must lie between the neutron star polar cap solid angle and 4 . In the absence of a compelling argument for any particular value, we adopt a simple value for f, setting it equal to 1/4 (assuming that the pulsar radiates into 1 steradian).
The energy ux F E is determined by integrating the broad-band energy spectra, making realistic assumptions about regions where no measurements exist. In most cases, the observed gamma-ray spectrum is itself a good approximation, because most of the o bserved energy falls in this band. For the Crab and PSR B1509?58, the X-ray spectra must also be considered. PSR B0540?69 in the Large Magellanic Cloud is not seen in gamma rays, but its hard X-ray component suggests that its spectrum may extend to higher energies. The X-ray ux then represents a lower limit. PSR B0656+14 has pulsed X-ray emission with both a thermal and nonthermal component. E. This is similar to a pattern seen in 0.1 -2.4 keV X-rays by Becker and Tr umper (1997) . The slope of the li ne in Figure 8 is atter than the one found by Becker and Tr umper (1997) , because the integrated luminosity is dominated by the gamma rays, and the pulsars with smaller _ E are also the older pulsars that have atter energy spectra.
A similar trend is seen in Figure 9 between the high-energy lumisosity and the open eld line voltage ( B/P 2 ), which is also proportional to the polar cap current (Harding, 1981) . This is expected, because the polar cap current is proportional to _ E. A linear t to the observed pulsars is a reasonable approxi mation, extending over several orders of magnitude.
GAMMA-RAY PULSAR EMISSION MODELS
The new detections of -ray pulsars by CGRO and the vastly improved quality of the measurements of light curves and spectra have both constrained and accelerated model development. The patterns found in the properties of the pulsars detected by CRGO are revealing fundamentals of the physical processes involved in the emission. For example as seen in Figure 9 , the high energy luminosity, L, is proportional to the quantity B=P can be explained if either 1) a particle ow that varies from pulsar to pulsar, _ N P C , is accelerated to the same energy, E p ' 2 10 13 eV, or 2) a constant particle ow, N p ' 6 10 30 s ?1 , is accelerated to varying energy, V P C . Of course both N p and E p could vary, but their variation with the quantities P and B are constrained to the product B=P 2 . The generic nature of double-peaked pulses with bridge or interpeak emission has forced the models to change from a double-pole picture, where the high-energy emission is seen from both magnetic poles, to a single-pole picture, where the observer sees emission from one pole only. Figure 10 shows a schematic view of several proposed single-pole emission geometries (details of the models will be described below). In polar cap models, the -ray emission beam is a hollow cone centered on the magnetic pole. In outer gap models, the -ray emission is a wide, curved fan beam that is formed by the surface of the last open eld line in the outer magnetophere. In both models, double pulses will occur most of the time and single pulses occur when the observer grazes the edge of the cone.
Polar Cap Models
The class of polar cap models for -ray pulsars are all based on the idea, dating from the earliest pulsar models of Sturrock (1971) and Ruderman & Sutherland (1975) , of particle acceleration and radiation near the neutron star surface at the magnetic poles. Within this broad class, there is a large variation, with the primary division being whether or not there is free emission of particles from the neutron star surface. This question is still somewhat subject to debate due to our incomplete understanding of the neutron star surface composition and physics.
One subclass of polar cap models is based on free emission of particles of either sign, assuming that the surface temperature of the neutron star (many of which have now been measured in the range T 10 6 . In this case, the accelerated particles lose energy primarily to inverseCompton radiation from resonant scattering of thermal X-ray photons from the hot polar cap. The scattered photons are emitted in a hollow cone around the pole and initiate a cascade by magnetic pair production and synchrotron radiation to form the observed -ray spectrum. The models of Daugherty & Harding (1982 , DH) assume that the much higher E k due to eld line curvature (Arons 1983 ) and general relativistic inertial frame dragging (Muslimov & Tsygan 1992) will accelerate particles to 10 7 , in which case curvature radiation energy loss (/ 4 = c ) is dominant. A magnetic pair production/synchrotron cascade is then initiated by the curvature photons, which are emitted in a hollow cone de ned by the tangent to the last open eld line, where radius of curvature, c , is smallest. Both of these polar cap models can produce double-peaked light curves with interpeak emission similar to that observed (see Figure 11 ). However, both su er from the potential problem that a small tilt angle between the magnetic and spin axes ( 5 0 for surface emission with standard polar cap size) is required to produce the peak spacings as large as 0.4 -0.5 seen in most of the -ray pulsars (Sturner & Dermer 1996 , Harding & Daugherty 1997 ). This problem can be remedied more easily in the curvature-radiation initiated cascade models, where delayed accelerated one or two stellar radii above the surface is possible (Daugherty & Harding 1996) and where aring of the eld lines can signi cantly increase the -ray beam opening angle to 20 0 ? 30 0 . These models both predict cuto s in the spectrum due to magnetic pair production attenuation around 1 -5 GeV. The energy of these cuto s should roughly scale inversely with magnetic eld strength and could account for the trend seen in Figure 5 .
Another subclass of polar cap models assumes that ions are bound in the surface layers of the star (T < T i ). In pulsars where B < 0, the corotation charge above the polar caps is positive, and a vacuum gap forms above the surface. Cascade breakdowns of the gap will occur when stray -rays entering the gap produce pairs that are then accelerated (positron upward, electrons downward). In the original version of this type of model (Ruderman & Sutherman 1975 , RS), the accelerated particles produced curvature radiation to initiated the cascades. A -ray pulsar model based on this picture was developed by Usov & Melrose (1995) , who included the e ect of bound pair creation which delays gap breakdown and thus increases the acceleration potential in elds higher than 4 10 12 G. Zhang et al. (1996 Zhang et al. ( , 1997 consider an alternative variation in which the RS type gaps are controlled by inverse-Compton scattering of the particles instead of curvature radiation. At present, none of the polar vacuum gap models have developed light curves or spectra for comparison with the CGRO data.
Outer Gap Models
The outer gap models for -ray pulsars are based on the existence of a vacuum gap in the outer magnetosphere which may develop between the last open eld line and the null charge surface (see Figure 10 ) in charge separated magnetospheres. Particles owing along the open eld lines are accelerated in the gaps, radiating curvature or inverse-Compton emission. The rst outer gap -ray pulsar models (Cheng, Ho & Ruderman 1986 ) assumed that emission is seen from gaps associated with both magnetic poles, but this picture, although successful in tting the spectrum of the Crab and Vela pulsars, did not successfully reproduce the observed pulsar light curves. The pairs needed to control the gap are produced by photon-photon pair production with either non-thermal synchrotron X-rays (Crab-like pulsars) or with infra-red photons (older Vela-type pulsars) from pairs produced in the gap (introducing a high degree of non-linearity). However, the Vela-type model predicted large uxes of TeV emission from inverse Compton scattering of the infra-red photons by primary electrons, which violates the observed upper limits by several orders of magnitude. Cheng (1994) revived the outer gap model for Vela-type pulsars by proposing another self-sustaining gap mechanism where thermal X-rays from the neutron star surface replace the infra-red radiation (which was never observed anyway). With the new data from CGRO showing the strong pattern of double-peaked light curves with interpeak emission, outer gap models, like polar cap models, were driven to single pole emission. Romani & Yadigaroglu (1995, RY) developed a \geometrical" single-pole outer gap model in which the gap width, acceleration and radiation were not modeled in detail, but the radiation was assumed to only be emitted tangent to the open eld line boundary (See Figure 10) . This model can reproduce the observed light curves very well (See Figure 11) and has some success accounting for the radio/ -ray phase o sets when the radio pulse is assumed to come from the opposite polar cap (see Figure 10 and the next section). In addition, the single-pole outer gap models can produce widely separated double pulses with large inclination angles. Romani (1996) computed the gap width (the area of the open eld region crossing the gap) assuming that this width is controlled by breakdown from pair production of curvature photons and thermal X-rays from the surface. The observed emission is curvature radiation from radiation-reaction limited primary electrons accelerated to di erent energies in various parts of the gap. The spectrum of the accelerated primary particles in this models, when convolved with the hard curvature spectrum (photon index 2=3), reproduces the softer (photon index 1:5 ? 2:0) observed spectrum. By constrast, the spectrum of accelerated particles in polar cap models is monoenergetic, but the observed -ray spectrum, produced above the accelerating region while the particles are losing energy, is softened both through energy losses and cascading. Both outer gap (Romani 1996) and polar cap models (DH) are capable of producing phase dependent spectral variations similar to those observed.
Comparison with Other Wavelengths
One notable di erence in the computed light curves of the various -ray pulsar models is the predicted phase position (0 0 ) of the closest approach to the magnetic pole (CAMP) relative to the -ray pulses, a critical issue in comparison with the light curves in other wavebands and a key to distinguishing between models. Figure 11 shows that the position of the CAMP in the polar cap models is midway between the two pulses, while in outer gap models the CAMP is outside the -ray pulses (although a distant CAMP for the other pole lies between the pulses). Traditionally, radio pulse core components originate near the magnetic axis and conal components are hollow cones centered on the magnetic axis. The standard model for the Vela single radio pulse is core emission, which is inconsistent with the polar cap model, but is consistent with the outer gap model as emission from the opposite pole (RY). However, a less standard model for the Vela pulse as the leading edge of a wide cone (Manchester 1997) , is consistent with the polar cap if the radio conal emission is further out along the eld lines than the -ray cone.
The thermal X-ray pulses are broad pulses centered on the CAMP. The phase positions of the observed ROSAT low-energy pulses of Vela and Geminga are centered between the two -ray pulses, which if they are indeed emission from a hot polar cap is consistent with the polar cap models, but not the outer gap models, which must interpret this emission as hard X-rays from the outer gap (RY). However, the hard X-ray pulses of Vela recently detected by RXTE (Strickman et al. 1997 ) and Geminga by ASCA (Wang & Halpern 1996) do not look like the ROSAT pulses, but very much like the EGRET pulses.
Many more radio-quiet -ray pulsars are expected in the outer gap model (Yadigaroglu & Romani 1996) than in the polar cap model, because the radio and -ray emission regions are in very di erent locations. In the polar cap models, -ray cascades produce the pairs which produce the radio emission, so the two are physically associated and one expects a high degree of coincidence. Kanbach (1997) . PSR B0656+14 is separated from the others, because the detection is of much lower statistical signi cance. The agreement in phase between the highest point in the COMPTEL and EGRET light curves strengthens the case for this as a detection (Hermsen, et al., 1997 Crab Phase-Resolved Spectra 
